When species occur in repeated ecologically distinct habitats across their range, adaptation may proceed 22 surprisingly fast and result in parallel evolution. There is increasing evidence that such cases of rapid 23 parallel evolution are fueled by standing genetic variation, but the origin of this genetic variation remains 24 poorly understood. In Pogonus chalceus beetles, short-and long-winged ecotypes have diverged in 25 response to contrasting hydrological regimes and can be repeatedly found along the Atlantic European 26 coast. By analyzing genomic variation across the beetles' distribution, we reveal that genomically 27 widespread short-wing selected alleles evolved during a singular divergence event, estimated at ~0.19 28
Introduction 38
Adaptation to local environmental conditions may lead to the evolution of distinct ecotypes and, 39 ultimately, new species (1, 2) . Under prolonged periods of geographical isolation, the absence of gene 40 flow allows populations to accumulate new alleles and build-up genome-wide differences in the frequency 41 of these alleles (3, 4). However, increasing evidence demonstrates that ecological divergence may occur 42 surprisingly fast and even in absence of a physical barrier (5-8). As new beneficial mutations are unlikely 43 to accumulate rapidly, these cases of fast adaptation likely involve selection on genetic variation that was 44 present before divergence took place (9-11). Understanding the origin of and factors that maintain this 45 variation is important as it largely determines the rate and direction of genetic adaptation to rapid 46 environmental change (10, 12, 13) . 47
Populations that have recently and repeatedly adapted to ecologically distinct conditions hold the promise 48 to identify the alleles involved in ecological divergence and to reconstruct their evolutionary history (14-49 16). Under one scenario, these alleles could have evolved as rare neutral or mildly deleterious alleles 50 within the ancestral population and become repeatedly selected (17). Alternatively, divergently selected 51 genetic variants could initially have evolved and built-up in isolation. Secondary contact between the 52 diverged populations may have then resulted in polymorphisms at these adaptive loci, providing the raw 53 genetic material for repeated and rapid evolution when populations later face similar environmental 54 that ecological divergence is, at least partly, under genetic control (22, 24, 25) , previous research based on 72 microsatellite data also revealed very low neutral genetic differentiation within geographic locations (24) . 73
This suggests either a very recent differentiation and/or high levels of ongoing gene flow between these 74 ecotypes. These observations render this a most suitable system to infer the origin of the allelic variants 75 that underlie local adaptation (26) . 76
Here we investigate genomic differentiation in multiple ecologically divergent population pairs of P. 77 chalceus and reconstruct the evolutionary history of the alleles underlying ecological divergence. In 78 agreement with a past, singular divergence event, we find sharing of the genealogical pattern at unlinked 79 loci showing signatures of selection. However, the apparent potential of these beetles to rapidly and 80 repeatedly adapt to the different tidal and seasonal hydrological regimes, is likely fueled by the 81 maintenance of relatively high frequencies of the selected alleles in the alternative habitat. These results 82 contribute to our understanding of the mechanisms underlying fast and parallel ecological adaptation and 83 the factors determining the evolutionary potential of populations and species facing changing 84 environments. 85 inundated habitats in Belgium (Be; 48 ind.), France (Fr; 48 ind.), Portugal (Po; 16 ind.) and Spain (Sp; 16 89 ind.), as well as a tidal marsh population in the UK (Uk; 8 ind.) and a seasonally inundated habitat at the 90 Mediterranean coast of France (Me; 8 ind.) ( Figure 1a ). Individuals from the seasonally inundated habitats 91 had significantly longer wings and larger body sizes compared to those from the tidally inundated marshes 92 (F1,117 = 1904.4, P < 0.0001 for wing length and F1,117 = 162.29, P < 0.0001 for body size). The degree of 93 divergence in wing length between the two ecotypes varied among the four population pairs (F3,117 = 94 23.11, P < 0.0001), with highly divergent wing lengths in Sp and Po, and some overlap in wing lengths in 95
Be and Fr. Based on these clear-cut differences in wing length, we refer to the populations sampled in the 96 tidal or seasonally inundated habitats as belonging to the short-winged (S) or long-winged (L) ecotype, 97 of the Fr population (Guérande) where short-and long-winged ecotypes occur in close proximity (< 20 106 m). This area consists of historic salt-extraction areas that were created by man approximately one 107 thousand years ago and consists of a network of tidally inundated canals (FrS, partly indicated in blue; 108 short-winged populations) interlaced with seasonally inundated salt extraction ponds (FrL, partly indicated 109 in red; long-winged populations). 110
Average nucleotide diversity (π) at RAD-tags did not differ between ecotypes (GLMM with RAD-tag ID 126 as random effect: Ecotype effect: F1, 1977 = 0.31, P = 0.6), but differed among population pairs (Population 127 effect: F3, 1977 = 11.5, P < 0.0001). The most southern populations had a significantly higher π compared to 128 the northern populations, with Sp having the highest π compared to all other populations (P < 0.001) and 129
Po having a higher π compared to Fr (P = 0.012). The difference in nucleotide diversity among population 130 pairs was also consistent among ecotypes (Population*Ecotype interaction: F3, 1977 = 2.2, P = 0.09). 131
Despite the apparent close genetic relationship of long-and short-winged ecotypes within each geographic 132 population pair, we observed substantial heterogeneity in FST across SNPs (Figure 3 , Figure S2 ). A 133 substantial number of SNPs showed FST values that exceeded 0.5 in the ecotype comparisons. For some of 134 these SNPs, different alleles even reached almost complete fixation in the different ecotypes. This 135 proportion of SNPs with FST values higher than 0.5 increased towards the more southern population pairs 136 (Be: 2.1%, Fr: 4.5%, Po: 6.3% and Sp: 11.1%). In contrast, only very few FST values exceeded 0.5 when 137 similar ecotypes were compared from different population pairs (e.g. Be versus Fr; Figure S2 ). SNPs that 138
were strongly differentiated in one particular population pair were also significantly more differentiated in 139 any of the other population pairs (0.498 < r < 0.66; P all < 0.0001; Figure S2 was 8 for all RAD-tags and 6 for neutral RAD-tags (see Figure S1 ). See Figure 1 for population codes. 148 149
Outlier loci 150
Patterns of differentiation were calculated on a per SNP basis and significant outliers were detected using 151 Bayescan (28) and Bayenv2 (29), which allow to account for geographical structure. We identified a total 152 of 512 (3.2%) SNPs that were clustered on 109 (15%) assembled RAD-tag loci with stronger 153 differentiation as expected by chance in at least one of the ecotype comparisons (BayeScan (28) with false 154 discovery rate = 0.05; i.e. on average 4.70 outlier SNPs per RAD-tag locus). A total of 75 (0.48%) SNPs 155 in 32 (6.3%) assembled RAD-tag loci showed allele frequencies that were strongly associated with the 156 ecotypic divergence across all investigated populations (BayEnv2 (29); log10BF = 4) (see Supplementary  157 material -outlier loci; Figure S3 and S4). SNPs were mapped to a genome assembly (see Supplementary  158 materialgenome assembly and linkage map), showing that SNPs with a high FST value clustered into 159 several unlinked regions that were distributed over a large proportion of the genome (Figure 3 ). These 160 regions with outlier SNPs were largely consistent across the different population pairs and are primarily 161 clustered on the first half of LG1, across the full length of LG2 and LG3 and at the center of LG4 ( Figure  162 3). In contrast, no outlier SNPs were observed on LG6 to LG10. Yet, some more subtle differences could 163 be observed as exemplified by the central region of LG5 where high genomic differentiation was only 164 observed for the Fr and Sp population pair, but not in the Be and Po population comparison. The nuclear-165 encoded mitochondrial NADP + -dependent isocitrate dehydrogenase (mtIdh) locus, that was previously 166 identified to be strongly associated with the ecotypic divergence between short-and long-winged P. be the exact target of selection, we focused on loci containing SNPs whose allele frequencies were 180 strongly associated with the ecotypic divergence across all investigated populations (BayEnv2 (29); 181 log10BF = 4). For each RAD-tag containing multiple SNPs with a BF > 4, only the most strongly 182 supported SNP was selected. Given that these loci are strongly associated with ecotype across all 183 geographic locations, allele frequencies at these loci are expected to be in strong linkage disequilibrium 184 with the allele frequencies at the target of selection. Individuals of the long-winged ecotype contained on 185 average at 10% (SpL) to 42% (BeL) of the outlier SNPs at least one allele associated with the alternative, 186 short-winged ecotype. A similar pattern was found in the opposite direction, with individuals from short-187 winged populations containing long-wing associated alleles at 10% (SpS) to 48% (BeS) of the outlier 188 SNPs. Moreover, random sampling of genomic variation in an increasing number of individuals showed a 189 steep increase in the proportion of outlier SNPs with at least one allele associated with the alternative 190 habitat ( Figure 4 ). This demonstrates that different individuals from the same population generally carry 191 different alleles that are selected in the alternative habitat at different SNPs. For example, more than 80% 
Sequence variation and phylogenetic reconstruction at outlier loci 207
Haplotype networks and trees of the 1.2 kb sequence alignments obtained from RAD-tag loci show that 208 haplotypes selected in short-winged populations generally clustered as a strongly supported monophyletic 209 clade of closely related sequences (clade support level > 0.96; Figure 5a , b and S5). This clustering 210 supports a singular mutational origin of short-wing selected alleles at each of the investigated outlier tags. 211 Short-wing selected alleles appeared to be derived as they most frequently constituted a subclade within 212 those selected in long-winged populations ( Figure S5 ). This is in line with the observation that all other 213 species within the genus Pogonus are long-winged (32) . The average absolute divergence between the 214 differentially selected haplotypes (dXY = 0.011 ± 0.0014) was about 1.65 times higher compared to the 215 average divergence between two randomly chosen haplotypes at these loci (πtot, outliers = 0.0067 ± 0.00097, 216 t-test: P < 0.0001) and highlights a deep divergence between the alleles selected in short-and long-winged 217 populations. Dating the divergence time between the differentially selected alleles using BEAST (33) and 218 the divergence from P. littoralis as a calibration point (0.62 Mya (31)), pointed towards highly 219 comparable divergence times among outlier loci (Figure 5b and S5). The divergence time between long-220 and short-wing selected alleles ranged between 0.12 Mya and 0.28 Mya, with an average of 0.189 Mya ± 221 0.09 Mya, and suggests that the divergence of short-winged alleles from the long-winged alleles took 222 place during the Late Pleistocene. 223
In agreement with divergent selection, sequences from more strongly differentiated RAD-tags had a 224 significantly higher Tajima's D (i.e. increased heterozygosity; FST: F = 57.36, P < 0.0001; Figure 5c ) and 225 absolute nucleotide divergence between the ecotypes normalized by the divergence from the outgroup P. 226 littoralis (= dXY / dXY, P. littoralis, see Methods for details; FST: F = 83.9, P < 0.0001; Figure 5d ). The 227 significant relation between FST and absolute divergence (normalized dXY) further supports that the 228 observed heterogeneity in genomic divergence between the ecotypes is the result of divergent selection of 229 ancient alleles embedded within a genome that is homogenized between the ecotypes, rather than selection 230 on recently obtained new mutations (34, 35). Furthermore, a reduced recombination rate was observed 231 between haplotypes that are divergently selected between long-and short-winged populations (r² = 0.140) 232 compared to the recombination rate observed within long-winged haplotypes (r² = 0.184). 233
We further observed that nucleotide diversity (π) of haplotypes selected in the short-winged ecotype was 234 strongly reduced and tended to be nearly seven times lower (πS = 0.0009 ± 0.0003) compared to those 235 selected in the long-winged ecotype (πL = 0.0062 ± 0.0003) (GLMM with tagID as random effect: 236
Ecotype effect: F1, 66 = 25.12, P < 0.0001; Figure 5e ). This difference was consistent among the four 237 populations (Ecotype*Population interaction: F3, 64 = 0.87; P = 0.45). In contrast, nucleotide diversity at 238 neutral RAD-tags was comparable between both ecotypes (GLMM with RAD-tag as random effect: 239
Ecotype effect: F1, 599 = 0.98, P < 0.3; Figure 5e ). The nucleotide diversity of the haplotypes selected in 240 long-winged populations was also comparable to average nucleotide diversity observed at non-outlier loci 241 (πtot, neutral RAD-tags = 0.0057 ± 0.0003), showing that only haplotypes selected in the short-winged ecotype 242 have this reduced nucleotide diversity (Figure 5e ). Similarly, Tajima's D of haplotypes selected in the 243 short-winged ecotype was significantly lower compared to those selected in the long-winged ecotype (F1,27 244 = 11.7; P = 0.002; Figure 5e ) and suggests a recent spread of short-wing selected alleles along the 245 Atlantic European coast. 246 Subsequent admixture between the long-and short-winged subpopulation may then have resulted in a 280 genetically polymorphic population from which the short-winged ecotype re-evolved more recently and 281 repeatedly along the European Atlantic coast by the concerted selection of these previously diverged 282
alleles. 283
Despite the ancient divergence of the adaptive alleles, the contemporary repeated distribution of the P. 284 chalceus ecotypes likely evolved from highly admixed populations. The low amount of neutral genetic 285 differentiation should, however, not be interpreted as conclusive evidence for a repeated in situ 286 divergence, because it also may be the result of neutral gene flow between both ecotypes at secondary 287 contact (38-40). Nonetheless, several additional observations support that the current distribution of the 288 ecotypes involves the repeated in situ evolution of both ecotypes. First, quantifying the amount of short-289 wing selected alleles present in long-winged populations revealed that sufficient genetic variation is 290 present in a founding population of between 5 and 15 long-winged individuals to evolve a short-winged 291 ecotype. Thus, genetic constraints for the evolution of the short-winged ecotype out of long-winged 292 individuals, and vice versa, appear to be surprisingly low. Both weak selection as well as high rates of 293 ongoing gene flow between the ecotypes could explain the relatively high frequency of alleles that are 294 selected in the alternative ecotype (41). Second, short-winged individuals are unable to disperse by flight 295 between the currently highly isolated salt-marsh areas. The fragmented distribution of tidal salt marshes 296 along the Atlantic coast renders it therefore unlikely that they were colonized by short-winged individuals 297 based on terrestrial dispersal alone, in particular because the species strongly avoids unsuitable habitat 298 patches (32) . Third, we previously put forward a behavioral mechanism that may explain the spatial 299 sorting of these ecotypes into their respective habitats (i.e. long-winged beetles tend to avoid frequent 300 flooding in tidal habitats, whereas short-winged beetles stay submerged during short tidal flooding 301 events), which may reduce gene flow and induce in situ divergence of the genetically distinct ecotypes 302 (23). Adding to this, our data agree with an initial divergence of multiple genetically unlinked loci in 303 geographic isolation, which may have further facilitated the repeated ecological divergence under gene 304 flow (42). 305
Major geographic expansions and contractions of the tidal and seasonal habitat types and the P. chalceus 306 species distribution have likely occurred since the initial divergence of the short-winged ecotype. We 307 estimated the evolution of the short-winged ecotype to have occurred during the Mid to Late Pleistocene. 308
Since then, Europe has been subject to at least one interglacial (0.130 -0.115 Mya) and one glacial (0.115 309 -0.012 Mya) period. These major climatic changes fragmented the Euro-Atlantic coastline, potentially 310 creating opportunities for the initial evolution of the short-winged ecotype in the partially isolated large 311 coastal floodplains that extended, for instance, around the North-Sea basin (43). Suggested by the negative 312
Tajima's D and low nucleotide diversity among the short-wing selected alleles, the short-winged ecotype 313 likely spread along the Atlantic European coasts from a small refuge population and came into secondary 314 contact with the long-winged populations more recently, after the last glacial period. During the last 315 glacial maximum, the refuge population was likely located more southward relative to the current species 316 distribution, as it is deemed unlikely that the species persisted at the current northern latitudes of its 317 distribution (32) . In addition, the lower degree of overall genetic differentiation between the ecotypes in 318 the more northern population pairs Be and Fr, together with their higher frequencies of alleles selected in 319 the alternative habitat, less profound phenotypic differentiation and lower overall genetic diversity (π) are 320 all consistent with a northward expansion of a highly admixed and dispersive long-winged population and 321 more recent ecotypic divergence. Potentially, this expansion may have further facilitated the maintenance 322 of deleterious short-wing selected alleles in the expanding long-winged population (44), which then 323 became repeatedly selected in the emergent tidal (short-winged) habitats. 324 ecological divergence at the same loci has been reported in some iconic examples of parallel evolution, 327 such as stickleback, cichlid fishes and Heliconius butterflies (45-50). These loci have in many cases been 328 assigned to shared ancient polymorphisms that were present in the population before the evolution of the 329 currently observed divergent populations (50). Moreover, many of these loci are sometimes identified and 330 are unlinked throughout the genome, such as in fruit flies, Timema walking sticks and Littorina sea snails 331 (7, 51, 52). The genetic signature of the evolution of the P. chalceus ecotypes shows strong analogies to 332 these well-studied cases of repeated adaptation. In cichlid fishes, moreover, it has been extensively argued 333 that divergence in isolation and subsequent admixture may have provided the genetic material for the 334 incredibly diverse and recent adaptive radiations of cichlid fish (11, 53). Untangling the evolutionary 335 history of the alleles involved in these and other cases will help in better understanding the processes that 336 drive parallel divergence as well as fast responses to environmental change 337 338 339
Conclusion 340
The initial evolution of co-adapted alleles at multiple physically unlinked loci is facilitated in geographic 341 isolation (3). Subsequent admixture of gene pools may then enrich the adaptive genetic variation and 342 allow for subsequent fast and repeated adaptation. In agreement to this, in P. chalceus populations the 343 alleles required to adapt to the alternative environment are maintained in the source population. These loci 344 are expected to be maladaptive within the source population and it is likely both the temporal and spatial 345 repetition of this divergence, combined with relatively high levels of gene flow and range expansion, that 346 maintain these allele frequencies. Glacial cycles, in particular, can be expected to have played an 347 important role in this process as episodes of fission and fusion of the different ecotypes generates strong 348 opportunities for both the evolution of adaptive genetic variants as well as admixture (43). Historic 349 selection pressures could therefore play a pivotal role in determining the rate, direction and probability of 350 contemporary adaptation to changing environmental conditions. 351
The proposed mechanism illustrates that the distinction between in-situ divergence and secondary contact 352 is less clear-cut as generally assumed if populations are highly admixed and that both processes can be 353 involved at different time frames. An important implication is that this mechanism might reconcile 354 different views on the geography of ecological divergence in which adaptive divergence between closely 355 related populations is either interpreted as primary divergence, and thus the onset of speciation (2) resulted in a total of ~57.7 Gb of sequencing data, of which 56.6 Gb was retained after data cleaning 389 (Table S3 ). Reads were assembled using SOAPdenovo2 (58) using a k-mer parameter of 47, which was 390 selected for producing the largest contig and scaffold N50 size after testing a range of k-mer settings 391 insert libraries were only used for scaffolding. SOAPdenovo GapCloser v1.12 tool (58) was used with 393 default settings to close gaps emerging during scaffolding. We used DeconSeq v0.4.3 (59) to identify and 394 remove possible human, bacterial and viral contamination in the assembly (Table S4 ). Completeness of 395 the assembled genome was assessed by comparing the assembly with a dataset of highly conserved core 396 genes that occur in a wide range of eukaryotes using the CEGMA pipeline v2.5 (60). 397 398
Linkage map 399
To position the genomic scaffolds into linkage groups, we constructed a linkage map by genotyping 400 parents and offspring (RAD-seq) from four families (Table S5 ). For the parental generation, we used lab-401 bred individuals (F0) whose parents originated from the French population, to ensure that they had not 402 been mated in the field. A total of 72 F1 offspring (n = 23, 14, 23 and 12 offspring from each family) were 403 raised till adulthood and subsequently genotyped, together with their parents. To maximize the number of 404 BayeScan2.1 (28) within each population pair (Be, Fr, Po and Sp). BayeScan assumes that divergence at 448 each locus between populations is the result of population specific divergence from an ancestral 449 population as well as a locus specific effect. The prior odds of the neutral model was set to 10. Twenty 450 pilot runs, 5,000 iterations each, were set to optimize proposal distributions and final runs were performed 451 for 50,000 iterations, outputting every tenth iteration, and a burn-in of 50,000 iterations. Detection of 452 outlier loci is particularly vulnerable to false positives (71). To account for this, we applied a false 453 discovery rate (FDR) correction of 0.05, meaning that the expected proportion of false positives is 5% 454
To test for the presence of SNPs whose alleles are directionally selected in the two habitats across all 456 populations, we used the approach implemented in BayEnv2 (29, 69). This method identifies SNPs whose 457 allele frequencies are strongly correlated with an environmental variable given the overall covariance in 458 allele frequencies among populations. The covariance in allele frequencies, which represents the null 459 model against which the effect, β, of an environmental variable on the allele frequencies of each SNP is 460 tested, was estimated based on all SNPs present in at least 80% of the individuals. This covariance matrix 461 was strongly correlated with the FST matrix (Mantel-test: rS= 0.87), indicating that it accurately reflects the 462 genetic structuring of the populations. For each SNP, the posterior probability of a null model assuming 463 no effect of the environment (β = 0) is compared against the alternative model which includes the effect of 464 the environmental variable. As environmental variable, we assigned tidal habitats (BeS, FrS, PoS, SpS and 465 UkS) the value -1 and seasonal inundated habitats (BeL, FrL, PoL, SpL and MeL) the value 1. The degree 466 of support that variation at a SNP covaries with the habitat wherein the population was sampled is then 467 given by the Bayes Factor (BF), the ratio of the posterior probabilities of the alternative versus the null 468 model. For both the estimation of the covariance structure and the environmental effect, a total of 100,000 469 iterations was specified. 470 471
Reconstructing the evolutionary history of outlier loci 472
To gain insight into the evolutionary history of the alleles differentiating the two ecotypes, we 473 reconstructed haplotypes of the 1200 bp long paired RAD-tag loci for each individual. Sites with a read 474 depth lower than 10 or a genotype quality lower than 20 were treated as missing. Haplotypes could be 475 reconstructed for 627 paired RAD-tags with on average 671 bp genotyped in at least 75 % of the 476 individuals. We constructed split networks with the NeighbourNet algorithm using SplitsTree4 (72) for all 477 RAD-tags that contained an outlier SNP with a Bayes Factor (BF) support level larger than 3 based on the 478 BayEnv2 analysis. Haplotypes were subsequently split in two groups according to base composition at the 479 outlier SNP with the highest support and visualized on the networks. 480
We further calculated for all RAD-tags the following haplotype statistics with the EggLib v2.1.10 Python 481 library (73): haplotype based FST (30), average pairwise difference (dXY) between both ecotypes, total 482 nucleotide diversity (πtot), nucleotide diversity within the long-and short-winged ecotype (πL and πS, 483 respectively) and Tajima's D. Comparison of measures of dXY (≈ 2µt + θAnc) and π (≈ 4Nµ) between RAD-484 tags depend, besides the average coalescence time between haplotypes, also on the mutation rate (µ) of the 485 RAD-tag. As we are primarily interested in comparing values of these statistics among RAD-tags 486 independent of their mutation rate, we normalized these values by the average number of nucleotide 487 differences between P. chalceus and the outgroup species P. littoralis (74). More specifically, we first 488 calculated dXY between haplotypes of P. chalceus and P. littoralis (dxy, littoralis), and divided both πtot and dXY 489 by this value. 490
We estimated the divergence time between haplotypes selected in short-and long-winged populations 491 with BEAST 1.7.1 (33) . The analysis was restricted to outlier RAD-tags (15 in total) that are also present 492
